The SJL mouse strain is resistant to infection by some strains of the murine coronavirus mouse hepatitis virus (MHV), such as JHM and A59. The block to virus infection has been variously attributed to defects in virus receptors or virus spread. Since the cellular receptors for MHV, mmCGM1 and mmCGM2, have recently been identified as members of the carcinoembryonic antigen family, we reexamined the possible defectiveness of the MHV receptors in SJL mouse strain. Cloning and sequencing of the cDNAs of both mmCGMs RNAs from SJL mice revealed that they were identical in size to those of the susceptible C57BL/6 (B6) mouse. There was some sequence divergence in the N terminus of the mmCGM molecules between the two mouse strains, resulting in a different number of potential glycosylation sites. This was confirmed by in vitro translation of the mmCGM RNAs, which showed that the glycosylated mmCGM2 of SJL was smaller than that of B6 mice. However, transfection of either mmCGM1 or mmCGM2 from SJL mice into MHV-resistant Cos 7 cells rendered the cells susceptible to MIHV infection. The ability of the SJL mmCGM molecules to serve as MHV receptors was comparable to that of those from B6. These molecules are expressed in SJL mouse brain and liver in a similar ratio and in amounts equivalent to those in the B6 mouse. Furthermore, we demonstrated that an SJL-derived cell line was susceptible to A59 but resistant to JHM infection. We concluded that the MHV receptor molecules in the SJL mouse are functional and that the resistance of SJL mice to infection by some MHV strains most likely results from some other factor(s) required for virus entry or some other step(s) in virus replication.
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Mouse hepatitis virus (MHV) is a murine coronavirus which causes a wide range of diseases in the mouse and rat, including enteritis, hepatitis, respiratory infection, and encephalomyelitis in the central nervous system (26) . The tissue tropism and pathogenicity of the virus vary with the mouse strain and also with the virus strain and isolate (26) . For instance, the JHM strain of MHV is highly neurotropic, whereas MHV-3 causes hepatitis in susceptible mice but also causes ventricular infection followed by chronic vasculitis in the central nervous system of semisusceptible mice (24) , and the A59 strain is relatively nonpathogenic (19) .
It has been reported that the resistance of mice to MHV infection is controlled by a single recessive gene (11, 12, 21) , but other reports suggested that there are multiple gene determinants (1, 22) . The susceptibility or resistance of animals to MHV infection also depends on the strain and age of the host animals (2) and on the virus strain, dose, and route of inoculation (3, 22) . The SJL mouse is known to be resistant to infection by some strains of MHV, e.g., A59, JHM, and MHV-S (2, 3), but is susceptible to (29) . Several pertinent observations have been made about the resistance of SJL mice to infection by some MHV strains. (i) Primary macrophage cultures were resistant to JHM infection in vitro (14) . The resistance was not 100%, but only a small population of cells were infected, and subsequent virus spread was completely inhibited (14) . (ii) Primary glial cells and neuronal cells derived from SJL mice were resistant to JHM and A59 infection (11, 29) but not to MHV-3, although the efficiency of virus attachment was similar for all three strains (29) . (iii) In vivo, the SJL mouse was resistant to a low intranasal dose of JHM; the viral antigen was restricted to the site of inoculation and did not spread to the central nervous system (3, 4) . However, high-dose inoculation led to the development of encephalitis (13) . These studies suggest that the JHM strain of MHV may infect a few cells in SJL mice but cannot spread efficiently and is cleared quickly. Other reports showed that the resistance of SJL mice to JHM infection was age dependent; newborn mice of strain SJL were highly susceptible to JHM infection and easily developed fatal central nervous system infection (23) .
The mechanism of the resistance of SJL mice to MHV infection is not clear. SJL macrophages are intrinsically resistant to MHV infection in vitro (14, 23) . In addition, SJL mice may also produce some factors that modulate infection by certain MHV strains (21, 23) . Recently, it was shown that A59 virus failed to bind to the receptor molecule from the SJL mouse liver in an in vitro virus-binding assay, the virus overlay protein blot assay (5, 28) , suggesting that the SJL mouse virus receptor is nonfunctional. It was further reported that the MHV receptor carried a deletion in SJL mice, since these receptor molecules appeared to migrate faster than those of BALB/c mice on sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE) gels (28) . On the contrary, the resistance of primary glial cells derived from SJL mice was shown to involve not virus binding but rather virus dissemination (29) , and it was suggested that the resistance lies in a defective proteolytic activity in SJL mice which is required for A59 and JHM infection but not for . It is not clear why these results were so discrepant.
The cellular receptor for MHV infection has been identified as a member of the murine homolog of the carcinoembryonic antigen (CEA) family, mouse CEA gene family member 1 (mmCGM1) (6, 27 (16) and expresses a large amount of the hemagglutinin-esterase protein (20, 32) . The virus plaque assay was done in DBT cells, a murine astrocytoma cell line (10) . Cos tion-infection experiments were repeated at least three times. Standard virus plaque assays were performed in duplicate in DBT cells. The precise procedure has been described elsewhere (31) .
Nucleotide sequence accession numbers. The GenBank accession numbers for C57BL/6 mmCGM2 and SJL mmCGM1 are M96934 and M96935, respectively.
RESULTS
Characterization of mmCGM1 and mmCGM2 from SJL mice. To compare the expression patterns of transcripts of the MHV receptors mmCGM1 and mmCGM2 in the susceptible mouse strain B6 and the resistant strain SJL, poly(A)+ liver RNA was used for RT-PCR, initially to obtain partial cDNA clones of mmCGM1 and mmCGM2, with primers specific for the 3' end and for nucleotides 151 to 195 downstream from the 5' end of the mmCGM ORF, respectively. Under this condition, two major products (bands 1 and 2), which correspond to mmCGM1 and mmCGM2 (see below), respectively, were obtained (Fig. 1) . The patterns of PCR products were identical between B6 and SJL, and their sizes were indistinguishable. A few additional PCR products, most notably band 3, were also detected. Sequence analysis of band 3 showed that it was a nonspecific product caused by mispriming during PCR (31; data not shown). Other minor PCR products have not been characterized. Previous studies have shown that under the conditions used, the relative amounts of RT-PCR products closely parallel the amounts of RNA (31) . This result thus indicates that the SJL mouse expresses amounts of mmCGM1 and mmCGM2 RNAs comparable to those in the B6 mouse, and these molecules are identical in size between these two strains of mice. These results together suggest that the mmCGM gene of the SJL mouse does not have a deletion.
Sequence comparison of mmCGM1 and mmCGM2 between SJL and B6 mice. To further characterize mmCGM1 and mmCGM2 of SJL mice, full-length cDNA clones of mmCGM1 and mmCGM2 were obtained by RT-PCR with two primers specific for the extreme 3' and 5' ends of the ORFs, respectively, which are common to both mmCGM1 and mmCGM2 (6, 25, 31) . Two major products of 1.3 and 0.8 kb, which correspond to full-length mmCGM1 and mmCGM2, respectively, were cloned into vector pTZ18U, which contains the T7 polymerase promoter.
The cDNA clones of both SJL and B6 mmCGMs were sequenced, and the sequences were compared with the published sequence for mmCGM1 from the BALB/c mouse (6) . The sequence of B6 mmCGM1 is nearly identical to that of BALB/c mmCGM1 (6), whereas SJL mmCGM1 shows a high degree of sequence divergence from that of B6 at both the nucleotide and amino acid levels (Fig. 2) . In the N-terminal portion, which is common to mmCGM1 and mmCGM2, there are 30 amino acid differences between SJL and B6. In the middle domain, which is present only in mmCGM1, and the C-terminal region, which is the same in mmCGM1 and mmCGM2, sequences are conserved among all three mouse strains, except for 2 amino acids in the middle and 3 amino acids in the C-terminal region. Furthermore, the number of potential N-linked glycosylation sites is different between B6 and SJL mice (Fig. 2 , indicated by underlines). There are 16 potential glycosylation sites in BALB/c and B6 mmCGM1: 3 sites in the N-terminal, 11 in the middle, and 2 in the C-terminal region. In the SJL mouse, two of the glycosylation sites in the N-terminal region were lost because of mutations (indicated by cross marks); however, a new glycosylation site (shown by an asterisk) was generated. Glycosylation sites are summarized in Fig. 3 . Thus, there are only two potential glycosylation sites in the N-terminal region of SJL mmCGM1 and mmCGM2. These analyses indicate that there is no structural deletion in the mmCGM gene of the SJL mouse, in contrast to the previous suggestion (28) .
Comparison of in vitro translation products of mmCGM1 and mmCGM2 from SJL and B6 mice. To characterize the gene products of the mmCGM genes in the SJL mouse, in vitro-transcribed RNAs from both B6 and SJL full-length mmCGM1 and mmCGM2 ORF clones were used for in vitro translation in a rabbit reticulocyte lysate in the presence or absence of canine pancreatic microsomal membrane. The primary product of B6 mmCGM2 was approximately 30 kDa in size (Fig. 4, lane 3, asterisk) , which was processed to a protein of approximately 43 kDa in the presence of microsomal membrane (Fig. 4, lane 4, arrow) . SJL mmCGM2 also yielded a primary translation product of 30 kDa (Fig. 4, lane  5) ; this product appeared to migrate slightly faster than the B6 counterpart. Since they have an identical number of amino acids (Fig. 2) , the reason for the slight discrepancy in their electrophoretic behaviors is not clear; most likely it was caused by charge differences in their amino acid sequences. Two minor products of approximately 43 kDa were also detected, the origin of which is not clear. Similar products have occasionally been observed with B6 mmCGM2 (31) . In the presence of microsomal membrane, the translation product of SJL mmCGM2 was processed into a protein of approximately 40 kDa (Fig. 4, lane 6, arrow) , which was smaller than that of B6 mmCGM2 (Fig. 4, lane 4) . This result indicates that SJL mmCGM2 is smaller than B6 mmCGM2 despite the identical sizes of their ORFs. This size difference (3 kDa) could be accounted for by the difference of one glycosylation site between these two molecules, since the number of glycosylation sites in SJL mmCGM2 is four, in contrast to five for that of B6 (Fig. 3) . On the other hand, the size difference in mmCGM1 between B6 and SJL mice was not apparent; B6 mmCGM1 (lanes 7 and 8) and SJL (T(G)(T) ( mmCGM1 (lanes 9 and 10) yielded products of similar sizes Functional analysis of mmCGM1 and mmCGM2 of the SJL both in the absence (45 kDa; Fig. 4, lanes 7 and 9, asterisks) mouse. We reported previously that both mmCGM1 and and in the presence (approximately 95 kDa; Fig. 4, lanes 8 mmCGM2 of the B6 mouse were functional as MHV recepand 10, arrows) of membrane, probably because of the tors when they were expressed in Cos 7 cells, which are limitation of resolution in the high-molecular-weight range. otherwise resistant to MHV infection (31) . Because of the (K) (R) Table 1 .
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Surprisingly, both SJL mmCGM1 and mmCGM2 could serve as functional receptors for MHV. In JHM infection, cells transfected with either SJL-derived mmCGM1 or mmCGM2 yielded virus titers in the range of 200 to 3,000 PFU/ml in both the supernatant and the cell lysate. These virus yields were roughly at the same level as those of B6 mmCGM1-and mmCGM2-transfected cells. In contrast, in the vector-transfected and untreated cells, either no virus was detected or the virus titer was lower than 10 PFU/ml, which was probably derived from the virus inoculum remaining attached to fected cells were equivalent. These results indicate that both mmCGM1 and mmCGM2 from SJL mice are functional receptors for both the A59 and JHM strains of MHV. This finding is in contrast to the conclusion deduced from the in vitro virus-binding analysis (5, 28) . mmCGM1 was probably a better receptor than mmCGM2 for A59. By contrast, mmCGM1 and mmCGM2 served as equally effective receptors for JHM.
Susceptibility of an SJL-derived cell line to MEIV infection. Since the MHV receptors in the SJL mouse are functional, we tested the cell line PSJLSV, which was derived from an adult SJL mouse and transformed with SV40 T antigen (14a), with regard to its ability to support MHV infection. The results showed that A59 replicated in this cell line, suggesting that the resistance of the SJL mouse strain to MHV infection is not absolute. However, with the same amount (multiplicity of infection of 10) of input A59 virus, PSJLSV cells yielded only 6 x 103 PFU/ml, versus 7.5 x 106 PFU/ml in the BALB/c-derived astrocytoma cell line (DBT cells). In contrast, JHM did not replicate in PSJLSV cells (0 PFU/ml), whereas it replicated to almost the same extent as A59 in DBT cells (5.5 x 10' PFU/ml). Since the mmCGM molecules from the SJL mouse functioned as receptors for JHM in the Cos 7 cells, these results suggest that the resistance of SJL mice or the PSJLSV cell line to JHM infection is due to a defect in some factor(s) other than the virus receptor and that the requirement for establishing viral infection differs in different strains of MHV. Expression of MHV receptors in the SJL mouse and cultured cells. To further examine the status of receptor expression in the SJL mouse, we used mmCGM-specific primers to obtain PCR products from poly(A)+ RNA from SJL mouse liver and brain. These PCR products were subjected to Southern blot analysis with an mmCGM-specific probe (Fig.  5A ). The SJL mouse liver expressed both mmCGM1 and mmCGM2 in roughly equal amounts. In contrast, the SJL mouse brain expressed mainly mmCGM2 and the overall amounts of mmCGM in the brain were slightly lower than in the liver. A trace amount of mmCGM1 was also detected in brain samples after prolonged exposure (data not shown). A PCR product which was slightly smaller than mmCGM1 was also detected with the mmCGM probe in Southern blot (Fig.  5A ). As indicated above (Fig. 1) , the nature of this product remains elusive, since we have so far been unable to clone this product. Nevertheless, this tissue-specific expression pattern in SJL mice is similar to that in B6 mice (31) . Furthermore, the amounts of both mmCGM1 and mmCGM2 PCR products were roughly equivalent between B6 and SJL mice (Fig. SB) . Although the quantitation of PCR products is not necessarily linear in relation to the amount of RNA, preliminary data and the previous study (31) (6, 31) . The A59-and JHM-resistant SJL mouse expresses both proteins at the same levels as the susceptible mouse strain BALB/c (28); however, these proteins appeared to be smaller in SJL than in BALB/c mice (28) . Furthermore, the SJL receptor molecules failed to bind to a monoclonal antibody (MAb), CC1, which recognizes the corresponding BALB/c receptor molecules and blocks A59 infection in BALB/c mice (6, 28) . In addition, A59 did not bind to the mmCGM molecules from the liver or intestinal brush border membrane of the SJL mouse in an in vitro virus-binding assay (5) . Thus, it was suggested that the resistance of SJL mice to MHV infection is due to defective virus receptors (5, 28) . Other reports, however, showed that the resistance of SJL mice to JHM infection is due to some other factor, e.g., a defect in virus spread (29) . Moreover, newborn SJL mice are highly susceptible to JHM infection (23) ; thus, it seems unlikely that there is a structural deletion in the MHV receptor in SJL mice.
In this study, we cloned the mmCGM1 and mmCGM2 molecules from adult SJL mice and showed that they were functional MHV receptors. Sequence analysis of these clones revealed that there are multiple amino acid differ-ences, especially in the N-terminal domain, between the MHV receptors of the susceptible BALB/c and B6 and resistant SJL mouse strains, and the number of the potential N-linked glycosylation sites is different ( Fig. 2 and 3) . In vitro translation studies further indicated that the differences in the extent of glycosylation between the B6 and SJL receptors led to the difference in the sizes of their receptor proteins. These differences likely also accounted for the failure of MAb CC1 to recognize SJL receptors (5) and the failure of MHV to bind to the receptors in vitro (5, 28) . Surprisingly, despite the sequence divergence, the transfected SJL receptors were functional and allowed both A59 and JHM infection of the otherwise resistant monkey kidney cell line Cos 7 cells (Table 1) . Thus, the SJL receptor molecules have lost the MAb CC1-binding activity in vitro but not the in vivo virus-binding capability. MAb CC1 probably recognizes a site that is close to but not the same as the virus-binding site, and the interference of MAb CC1 with virus binding (6, 28) was most likely caused by steric hindrance. Since the N-terminal portion of the mmCGM molecules is the most divergent part, MAb CC1 most likely recognizes this region. Our data also suggest that the virus overlay protein blot assay results (5) do not correspond to virus binding in vivo and do not necessarily reflect the presence or absence of a functional virus receptor in vivo. It has recently been shown that in vitro virus binding requires proper glycosylation of the receptor molecules (18) . The alteration of glycosylation in SJL mmCGM molecules may have prevented virus binding in vitro (5, 28) ; however, these alterations apparently did not affect their receptor functions, again suggesting that virus binding has different requirements in vitro and in vivo.
The results obtained in this study did not contradict the previous studies on macrophage infection (14) , glial cell infection (29) , animal infection by intranasal inoculation (3, 4) , and some other studies in animals (1, 2, 13) which showed that replication and the establishment of disease by JHM were deficient in SJL mice and SJL-derived cells, although a small population of cells can be infected at the beginning. Those studies and our study suggest that the resistance of SJL mice to MHV infection does not reside in a defect in the receptor molecule itself but rather in the deficiency of some other factor(s), which either cooperates with the receptor or is required for subsequent steps of virus infection.
Although our data showed that SJL mice express fully functional MHV receptors and an SJL-derived cell line is susceptible to at least A59 infection, the resistance of SJL mice to A59 or JHM infection could still be due to possible processing defects of the MHV receptor. It is possible that the receptor molecules are inappropriately modified in SJL mice. Since we have shown that mmCGM1 and mmCGM2 serve as functional MHV receptors in Cos 7 cells, the genetic defects of SJL mice that prevent MHV infection could lie in the mechanism for modification of the receptor or in a second factor associated with the receptor. The second factor could be a high-affinity molecule or protease or some other enzyme, which changes the conformation of the viral spike protein or other structural proteins to stabilize or trigger the internalization of the virus-receptor complex or virus uncoating. It can be assumed that BALB/c and B6 mice and Cos 7 cells have this factor but SJL mice do not express it, although SJL cells in culture can express this factor. The second factor also could act at any step after virus internalization and uncoating; in this case, virus binds to the receptor but one of the subsequent steps is inhibited. That additional factors are required to establish viral infection is supported by our recent finding that certain B6-derived cell lines are resistant to JHM infection and even the transfection of an otherwise fully functional receptor into these cells did not render them susceptible (unpublished observation).
The preliminary studies suggested that this factor acted at a very early stage of infection. In this regard, it is interesting that a rat cell line has been shown to be defective in the internalization of JHM virus (8) . Our finding is in contrast to the previous observation that JHM infection in SJL-derived glial cells is blocked at the virus dissemination step (29) . However, in the published data (29) , JHM replication within the first replication cycle in SJL-derived cells was also inhibited, suggesting that viral replication was restricted early in infection. It is conceivable that different cultured cells may have different defects that block viral infection. The nature of the defective second factor in the SJL-derived cell line and others is currently being studied. It is tempting to suggest that the multiple genes involved in determining the genetic resistance of SJL mice and other mouse strains to MHV infection may control this second factor.
It is interesting that, although the SJL receptors were used equally effectively by A59 and JHM when the receptors were transfected into Cos cells, JHM does not grow in the SJL-derived cell line PSJLSV, whereas A59 does. Thus, the putative second factor should be able to discriminate A59 from JHM infection. Furthermore, since the receptor molecules are expressed even in the MHV-resistant cells, the second factor must be delicately regulated. Such high discrimination and sensitive regulation make this factor an ideal candidate for the regulation of viral tropism and pathogenicity. The identity of this second factor in different strains of mice is currently being investigated.
